Biofilms are complex, organized communities of bacteria that grow in association with a wide array of biotic and abiotic surfaces (73) . They can be found at almost any solid-liquid interface in industrial and clinical settings (12, 23, (31) (32) . It is now widely accepted that microorganisms undergo profound changes during their transition from planktonic (free-swimming) organisms to cells that are part of a complex, surfaceattached community. These changes are reflected in the new phenotypic characteristics developed by biofilm bacteria. Biofilms are inherently resistant to antimicrobial agents and are often the root cause of persistent implant-and non-implantrelated bacterial infections and diseases such as cystic fibrosis, otitis media, and periodontitis (11, 22, 37, 58) . One of the most medically important biofilm-forming species is Pseudomonas aeruginosa, which is frequently associated with nosocomial infections of the urogenital tract and skin (21) and the lungs of patients suffering from cystic fibrosis (6, 9, 58) .
Thus, it is not surprising that the formation of biofilms has been proposed to be a developmental process (16, 18, 52) . The formation of biofilms has been shown in many species to progress through multiple developmental stages (18, 52, 61) . In Pseudomonas aeruginosa, five stages can be distinguished (52) . Biofilm formation is believed to begin when bacteria sense certain environmental parameters that trigger the transition from planktonic growth to life on a surface (14, 16) . Biofilm development begins with the reversible and irreversible attachment to a surface. For optimal attachment to glass or plastic substrata, flagella and type IV pili are required (42, (52) (53) . Attachment is followed by immigration and division of bacteria to form small clusters exceeding 10 m in width and height (maturation-1 stage) (16, 19, 52) and finally maturation of microcolonies (maturation-2 stage) into an exopolysaccharide-encased mature biofilms (3, 52) . The biofilm developmental cycle comes full circle when biofilms disperse (52) . Biofilm dispersion has been demonstrated to be influenced by environmental factors such as the availability of organic nutrients (15, 29, 39, (54) (55) and iron and oxygen (5, 8, 59, 62, 74) , all of which can have profound impacts on biofilm development. Mechanistically, biofilm dispersion may involve the differential regulation of the adhesiveness of the bacteria, potentially through the activation of lytic phages (69) or through cyclic-di-GMP signaling (24) in a protein phosphorylation-mediated event (54) .
Global analyses of gene expression of bacterial biofilms using P. aeruginosa, Escherichia coli, Bacillus subtilis, Pseudomonas putida, and Shewanella oneidensis (56, 60, 62, 68, 72) revealed that gene expression in biofilms compared to that in planktonic bacteria varies from 1% to 38% of the total genome (50, 56, 60, 62, 72) and up to 50% of the total proteome, for instance, in P. aeruginosa (40, 52) . The studies listed above have assisted in the identification of transcription factors that affect the formation of biofilms and responses to biofilm formation, including the repression of flagellum genes and hyperexpression of genes for adhesion and ribosomal protein.
For example, biofilm formation in E. coli was shown to involve the differential expression of 230 genes, including those encoding proteins associated with adhesion and autoaggregation, outer membrane proteins (OmpC, OmpF, OmpT, Slp), and proteins involved in lipid A biosynthesis (56) . A number of these genes have recently been associated with the initial steps of E. coli biofilm formation on abiotic surfaces (43, 50) . Biofilm formation in Bacillus subtilis involves the differential expression of 519 genes, including those associated with phage-related functions, membrane bioenergetics, glycolysis, and the tricarboxylic acid cycle, as well as a large number of genes involved in motility and chemotaxis (60) .
The majority of the gene expression analysis studies investigated only one or two biofilm growth stages. Thus, information is lacking whether multiple biofilm developmental stages and the attendant features that are characteristic of biofilms are accompanied by large-scale changes in temporal and spatial gene expression. However, recent studies have hinted at the involvement of regulatory pathways in the progression of biofilm development, thus indicating that biofilm development may be accompanied by stage-specific temporal and spatial gene expression patterns. Kuchma et al. have demonstrated that the development to mature biofilms in P. aeruginosa is associated with a three-component regulator system (sadARS) by showing that a deletion in any of the three sadARS genes resulted in a failure in progression of biofilm maturation (36) . Furthermore, several other regulatory systems have been reported to influence the early stages of biofilm formation, including the global virulence factor regulator GacA (45) , the catabolite repression control protein Crc (42) , and the response regulator proteins AlgR (71) . Bacteria in which these functions have been blocked by mutation have shown a decrease in biofilm formation and a failure to form microcolonies. Quorum sensing has been observed to be important for later stages of biofilm formation. Studies by Davies and colleagues (17) demonstrated that P. aeruginosa strains lacking a functional las quorum-sensing system initiated biofilms normally but were unable to establish the typical architecture of a mature biofilm; the las mutant strain producing a biofilm comprised only a relatively thin layer of cells (17, 33) . The rhl quorum-sensing system of P. aeruginosa, which is active in early stages of biofilm formation (52), has been reported to influence biofilm formation, probably via RpoN, an alternative sigma factor for RNA polymerase, which regulates expression of rhlR and rhlI (25) . Both quorum-sensing systems have been shown to influence 616 and 315 genes, respectively (57, 67) . In addition, RpoN controls expression of a diverse set of genes, including those for flagella and pili and gacA (25, 27, 30, 66) , which affect early stages of biofilm formation. Furthermore, the starvation-activated transcription factor sigma-H and the transcriptional regulator Spo0A were shown to be required for biofilm formation in Bacillus subtilis (60) . Overall, these studies indicate that biofilm development is a regulated process and that each biofilm developmental stage may be accompanied by large-scale changes in temporal and spatial gene expression. This finding indicates that it may be possible to arrest biofilm development by interfering with protein production or gene expression for critical biofilm specific proteins and regulators.
To determine whether the onset of biofilm-stage specific protein production may be used to arrest the progression of biofilm development, we tracked biofilm proteins and protein abundance in planktonic cells and three distinct biofilm developmental stages. We present evidence that the development of biofilms by P. aeruginosa requires the production of proteins in a progressive manner. Biofilm stage-specific proteins were discernible throughout the biofilm developmental life cycle. Deletion of genes encoding biofilm specific proteins resulted in arresting the progression of biofilm maturation. Together, our findings indicate that biofilm formation is a progressive process and that knowledge of temporal expression of biofilm-specific genes can be used to control biofilm formation or to arrest biofilm formation at an early biofilm developmental stage.
MATERIALS AND METHODS
Bacterial strains and media. The parental strain for all studies is P. aeruginosa PAO1, unless otherwise stated. All planktonic strains were grown aerobically in minimal medium (2.56 2) at 22°C in shake flasks at 220 rpm. Biofilms were grown as described below at 22°C in minimal medium. Glutamate (130 mg/liter) was used as the sole carbon source. All strains used in this study are listed in Table 1 .
Biofilm formation: (i) continuous flow tube reactor. Biofilms were grown as described previously (52) . Briefly, the interior surfaces of silicone tubing of a once-through continuous flow tube reactor system were used to cultivate biofilms at 22°C. Biofilms were harvested after 3 days (maturation-1 stage), 6 days (maturation-2 stage), and 9 days (dispersion stage) of growth under flowing conditions. Biofilm cells were harvested from the interior surface by pinching the tube along its entire length, resulting in extrusion of the cell material from the lumen. The resulting cell paste was collected on ice. Prior to sampling, the bulk liquid was purged from the tubing to prevent interference from detached, planktonic cells.
(ii) Ninety-six-well microtiter dish assay. Initial biofilm formation was measured by using the microtiter dish assay system, as described previously (41) . Microtiter wells were inoculated from overnight LB-grown cultures diluted 1:50 in minimal medium or LB broth. The cells were grown for 8 and 24 h before they were stained with crystal violet (CV) and quantified. Biofilm formation was quantified by solubilization of the CV staining in 95% ethanol. The absorbance of the resulting solution was measured at 570 nm.
(iii) Flow cells. Biofilm architecture was studied by using flow cells, as described previously (52) . To exclude the effects of the media, biofilms were grown in both 1:10-diluted LB broth and minimal medium.
Preparation of crude protein extract and protein determination. Batch-and biofilm-grown P. aeruginosa cells were immediately washed after being sampled by centrifugation at 12,000 ϫ g for 10 min at 4°C and resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), containing 0.3 mg phenylmethanesulfonyl fluoride (Boehringer Mannheim, Indianapolis, IN)/ml. All cell samples were lysed by sonication on ice by six 10-s bursts at 4 W (Cole Parmer Instrument Co., Vernon Hills, IL) and stored at Ϫ20°C until used for protein determination. Cell debris and unbroken cells were removed from all samples by centrifugation at 30,600 ϫ g for 30 min at 4°C. The total protein concentration was determined by the modified method of Lowry (47) with reagents from Sigma. Bovine serum albumin was used as the standard. Experiments for each time point were repeated at least three times.
Two-dimensional gel electrophoresis and image analysis. The protein production patterns of total cell extracts of planktonic and biofilm cells were analyzed by two-dimensional polyacrylamide gel electrophoresis (2D-gel) as described previously (52-53) with a Multiphor II from GE Healthcare (Piscataway, NJ) and a 2D-gel system from Genomic Solutions Inc. (Ann Arbor, MI). 2D-gels were stained with silver nitrate (7). 2D-gel analyses were performed in triplicate for each growth condition to confirm the reproducibility of the protein pattern under planktonic and attached growth conditions. Only differences in protein spots that were reproduced three times are described here. 2D-gels were scanned using a calibrated image scanner (GE Healthcare) to insure even spot detection and higher accuracy for the subsequent image analysis. Computational image analysis was carried out with Image Master 2D Platinum software (GE Healthcare).
Correlation of protein concentration and CFU over the course of Pseudomonas aeruginosa biofilm development. The population size of planktonic and biofilm cells was determined by the number of CFU by using serial dilution plate counts. To do so, biofilms were harvested from the interior surface as described above, and the resulting cell pastes were resuspended in saline (total volume ϭ 1 ml) and homogenized for 30 s to disrupt cell clusters. The protein concentration was determined in parallel by the modified method of Lowry (47) . Planktonic cells were harvested in logarithmic phase. Experiments for each time point were repeated at least three times.
Protein identification by MS. Protein spots of interest were excised from the gel and digested in situ with trypsin using a ProGest workstation (Genomics Solutions Inc., Michigan). After digestion for 6 h at 37°C, tryptic peptides were extracted and desalted if necessary with ZipTips (Millipore), and an aliquot of the supernatant was taken for analysis by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) using an Ettan MALDI-TOF Pro (GE Healthcare, Piscataway, NJ). Data were obtained using the following parameters: reflective mode; 20 kV accelerating voltage; 95% grid voltage; and 0.2-ns delay. Trypsin peptides were used as internal standards for every peptide sample to ensure high mass accuracy. Database searches were performed using MASCOT and ProFound. All proteins were identified with significant certainty (Est-Z score of Ͼ0.3 or a probability score of Ͻ0.02). Proteins were identified with 3 to 15 matched peptides and a minimum of 5% sequence coverage. The correlation between apparent and theoretical molecular masses of the identified proteins was found to be very similar (y ϭ 0.9553x Ϫ 0.2294), with an R 2 of 0.9736. Twitching motility assay. Twitching motility was determined as previously described (4) . Briefly, overnight cultures of P. aeruginosa strains grown in LB medium were stabbed through a twitching motility plate (2% LB medium, 1% agar). The plates were incubated at 37°C for 48 h, at which time the agar was removed, the bacteria attached to the plate were stained with CV, and the diameter of the zone of twitching was measured.
Microscopy and image acquisition. Images of biofilms grown in once-through flow cells were viewed by transmitted light with an Olympus BX60 microscope (Olympus, Melville, NY) and a ϫ100 magnification A100PL objective lens. Images were captured using a Magnafire cooled three-chip charge-coupled device camera (Optronics Inc., Galena, CA) and a 30-ms exposure. In addition, confocal scanning laser microscopy was performed with an LSM 510 Meta inverted microscope (Zeiss, Heidelberg, Germany). Images were obtained with a LD-Apochrome 40ϫ/0.6 lens and with the LSM 510 Meta software (Zeiss).
RNA isolation and reverse transcription-PCR (RT-PCR).
Biofilm cells were harvested after 4 and 6 days of growth (maturation-1 and -2 stages), collected in RNA Protect, and spun down at 4°C. Planktonic cells were harvested similarly. Total RNA was isolated by using the RNeasy kit from QIAGEN (Valencia, CA). Residual DNA was removed by treatment with DNase I. The purity of the RNA was determined by gel electrophoresis, and the concentration was determined by spectrophotometry.
RT was performed using 1 g of total RNA, random hexamers, and the first-strand synthesis kit for RT-PCR, RETROscript, from Ambion (Austin, TX) as indicated by the manufacturer. PCR was carried out with either 2 or 4 l of first-strand cDNA in a total volume of 50 l. The transcripts were amplified using a cycle as follows: 94°C, 5 min; 30 cycles, each consisting of 94°C for 25 s, 50°C for 30 s, and 72°C for 50 s, followed by a final extension step at 72°C for 5 min. The following primer sets were used to quantify expression of individual genes: ccoO (PA0180, 5Ј-CAGATCGTTCCGCTG and 5Ј-GTCGTCGGAGTAACG), PA4101 (5Ј-GAAGCCAACACGGTG and 5Ј-CTGGTGTCCAGTTGC), mexH (PA4208, 5Ј-CCTGATGTTCGTCGC and 5Ј-CGATGTGTTCGAGGG), and crc (PA5332, 5Ј-GAGCTACCCGAACAG and 5Ј-GCGCCAGTTCTTCAC). PCR products were analyzed using 2% agarose gels. To ascertain that no residual DNA was present in the RNA preparations, a PCR was performed with the same primers and overall conditions, except that no RT was added.
RESULTS
The formation of biofilms has been proposed to be a developmental process wherein bacterial populations adapt to life at a surface. Furthermore, recent studies have indicated the involvement of regulatory pathways in the progression of biofilm maturation, thus indicating that the biofilm developmental stages may be accompanied with stage-specific expression patterns. However, while previous results from our laboratory suggested that biofilms display multiple phenotypes (52, 54) , detailed information is lacking on whether biofilm developmental stages are accompanied by large-scale changes at the protein and/or gene level.
Biofilm developmental stages coincide with the onset and the abundance of distinct groups of proteins. Here, we characterized biofilm proteins and their protein abundance at the planktonic growth stage and at three distinct biofilm developmental stages, at the maturation-1 and -2 biofilm developmental stages, and at the dispersion stage. To do so, 2D-gel images of all three biofilm developmental stages and the planktonic growth stage were compared and analyzed with the image analysis program Image Master 2D Platinum (GE Healthcare). Then, proteins that appeared to be produced in a biofilmspecific manner were tracked within all four biofilm developmental stages, and onset and protein abundance was recorded. By thus comparing 2D-gel images of the four growth stages, eight distinct populations of biofilm proteins were identified, comprising Ͼ700 proteins. Each protein population consisted of sets of unique proteins; no single protein was assigned to more than one population. The locations of proteins displaying distinct patterns are indicated in the 2D-gel images provided in the supplemental material. We did not analyze proteins that were more abundant at the planktonic cell stage.
Four distinct trends in protein patterns were discernible, based on the onset of detection of protein abundance. Proteins showing trend I behavior were first detected at the maturation-1 stage and comprise protein abundance patterns A to D. However, while all proteins belonging to patterns A to D were first detectable or produced at maturation-1 stage, their maximal abundance differed depending on the biofilm developmental stage. Protein abundance pattern A comprised 155 proteins that were maximally abundant during the maturation-1 stage of biofilm development and then displayed a continuous decrease in abundance through to late-stage biofilm development. Protein abundance pattern B (79 proteins) showed proteins that were only maximally abundant during maturation-1 and maturation-2 stages of biofilm development, while the 77 proteins belonging to protein abundance pattern D displayed a continuous increase in abundance through to late-stage biofilm development. Proteins comprising pattern C represented maturation-1 stage-specific proteins (32 proteins). Proteins showing trend II behavior comprised patterns E and F ( Fig. 1E and F) . Proteins displaying this trend II behavior were found to be first detectable at the maturation-2 stage. Pattern E comprised 72 proteins that were only present during maturation-2 and the late or dispersion stage of biofilm development. Proteins comprising pattern F represent maturation-1 stage-specific proteins (68 proteins). Trends III and IV comprised only one protein abundance pattern each ( Fig. 1G and H) . Proteins belonging to pattern G (trend III) were produced when P. aeruginosa biofilms entered the dispersion stage. The 41 proteins comprising this pattern were found to be dispersion-stage specific. Protein production pattern H (trend IV) comprised ϳ200 proteins that were present at all four biofilm developmental stages. However, the proteins were maximally abundant during the maturation-I or maturation-II stage of biofilm development. Proteins belonging to pattern H were not considered biofilm specific. Overall, our findings indicate that the onset of protein production correlated with distinct biofilm developmental stages.
Biofilm stage-specific trends in protein abundance and the progression of protein production are not a result of various protein loads. While a consistent amount of protein was separated per 2D-gel for all four developmental stages, we nevertheless ensured that the protein production patterns shown in Fig. 1 were a result of bacteria adapting to life at a surface and not a result of differences in cell numbers over the course of biofilm development and thus the result of various protein loads per 2D image. To do so, the number of viable cells (CFU) was correlated to the total protein concentration obtained from planktonic cells used as inoculum and for biofilm FIG. 1. Protein production patterns A to H over the course of biofilm development. The production pattern analysis was carried out from 2D images that were scanned using a calibrated image scanner (GE Healthcare). Image analysis was done using Image Master 2D Platinum software (GE Healthcare). Computational analysis was based on 2D protein spot volumes. Four biofilm developmental stages previously described by Sauer et al. (52) were thus analyzed: P, planktonic cell stage; M1, maturation-1 stage (3-day-old biofilms); M2, maturation-2 stage (6-day-old biofilms); and D, early dispersion stage (9-day old biofilms). The data shown here represent average spot volumes for all proteins belonging to distinct protein production patterns. Experiments were carried out in triplicate for each growth stage.
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BIOFILM-SPECIFIC PROTEIN PRODUCTION IN P. AERUGINOSA 8117 cells obtained after 3, 6, and 9 days of biofilm growth. The results are shown in Fig. 2A . The ratio of viable cells to the protein yield over the course of biofilm development was observed to be constant with 3.6 ϫ 10 7 cells yielding 1 g of protein ( Fig. 2A) . This finding indicated that by loading a constant amount of protein per 2D-gel, a constant number of viable cells were analyzed.
An average of 1,600 protein spots were detected per 2D-gel. The total number of spots per 2D image and the resulting total protein spot volumes detected per 2D image showed no significant difference over the course of biofilm development (Fig. 2B) . Analysis of variance confirmed that the number of 2D spots remained constant (F ϭ 0.69; P ϭ 0.584). Several proteins were selected that remained constant in all four stages tested and used as controls for equal protein loading (not shown). The spot volume of these proteins correlated with the constant spot volumes given in Fig. 2B , as detected by Image Master 2D Platinum software, indicating equal protein concentrations per gel (F ϭ 1.04; P ϭ 0.425). Our data indicated that the number of proteins and the overall detectable protein spot volume remained constant over the course of biofilm development. Overall, our data indicate that the protein production patterns shown in Fig. 1 were not a result of unequal protein loading (Fig. 2 ) but a result of bacteria adapting to life at a surface and of biofilm development.
Proteins with similar functions group within the same protein abundance patterns. Several proteins following the production patterns shown in Fig. 1 were identified by MALDI-TOF MS using peptide mass fingerprinting ( Table 2 ). Proteins that were first produced in maturation-1 stage biofilms (Fig. 3A to D) were identified by MALDI-TOF MS to be involved in adhesion (pilus assembly chaperone CupA2), regulation (probable serine/ threonine-protein kinase PA1782, two-component sensor PA1336, and probable transcriptional regulator PA3420), antibiotic resistance (components of multidrug efflux pumps MexF, OprN homologue PA1238, and probable transcriptional regulator PA4878), in adaptation and stress (superoxide dismutase, a probable glutathione peroxidase, heat shock protein HtpG, sigma factor PvdS, PvdQ, and and L-ornithine N5-oxygenase PvdA), virulence (secreted hemolysin-coregulated protein Hcp), and denitrification (c-type cytochrome NirN). Proteins that were produced at maturation-2 stage (patterns E and F) were also involved in antibiotic resistance (components of MexCD and MexGHI efflux pumps) and pyoverdine synthesis (PvdD, -J, and -L) but also included proteins involved in quorum sensing (LasR, a MexGHI efflux pump involved in acylhomoserine lactone [HSL] homeostasis by actively exporting 3-oxo-C12-HSL), as well as regulation and chemotaxis (PA4101, PA3420, PA0180, and PA5072). To date, no protein for pattern G has been identified. While all of the identified proteins listed in Table 2 were found to be more abundant under biofilm growth conditions, we nevertheless noticed that proteins with similar functions clustered within certain protein production patterns. The majority of proteins belonging to pattern H (trend IV) were identified as being either housekeeping or metabolic proteins such as the arginine deiminase system ArcABC, DNA polymerase II (PA1886), glyceraldehyde-3-phosphate dehydrogenase (PA3001), and succinate semialdehyde dehydrogenase (PA0265) ( Table 2) . Furthermore, proteins involved in pyoverdine synthesis (PvdAQ, PvdDJ, PvdL, and PvdS) were found to belong to protein production patterns B and E. Proteins identified as components of efflux pumps such as OpmD, MexC, and the probable outer membrane component of multidrug efflux pump PA1238 were found to cluster within the same protein production patterns that were maximally abundant during the maturation-2 or dispersion stage of biofilm development ( Fig. 1; Table 2 ). A similar correlation was found for regulatory proteins such as transcriptional regulators, two-component regulatory proteins, and proteins involved in chemotaxis, which clustered in patterns B, D, and E, comprising proteins that were mainly maximally abundant during the later stages of biofilm development (Table 2) . Interestingly, virulence factors and proteins involved in adaptation and protection such as nonhemolytic phospholipase C precursor PA3319, LasR PA1430, probable type II secretion system protein PA2672, superoxide dismutase PA4468, and secreted hemolysin-coregulated protein Hcp PA0263 were found to cluster within the same protein production patterns (patterns B, D, and E) ( Table 2) .
Mutants in biofilm-specific proteins are affected in the progression of biofilm development. Since protein production appeared to be progressive and stage specific over the course of biofilm development, we were interested whether distinct, biofilm-specific proteins produced in mature biofilms might have important implications for biofilm development and whether deletion of these proteins would arrest biofilm development. We therefore tested nine P. aeruginosa mutant strains with mutations in proteins belonging to the abundance patterns B, D, E, and H (and alternate patterns) for biofilm formation (Tables 1 and 2; Fig. 1 ). No mutation was generated for trend III proteins, since we were interested in arresting biofilm development at an early biofilm developmental stage. Since several studies indicated that bacterial twitching motility is critical for early attachment events in P. aeruginosa biofilm formation, we tested whether the mutants were capable of this behavior. None of the tested mutants were observed to be impaired in twitching motility (not shown). In addition, none of the mutants showed a reduction in initial attachment when tested in 96-well microtiter plates for 8 h (not shown). Since no apparent difference in initial attachment was detected, we tested all 9 mutants for mature stage biofilm formation under flowing conditions.
In continuous culture, initial attachment of mutant cells after 1 day of growth (irreversible attachment stage) was indistinguishable from the wild-type strain. Cells were fixed to the substratum and formed nascent cell clusters (not shown). By day 3 (maturation-1 stage), both the wild-type and mutant cells began to form small cell clusters (Fig. 3A and B) . We therefore concluded that none of the tested mutants had any apparent defects in attachment or cluster formation in the flow cell at day 3, also known as maturation-1 stage (52 and data not shown). However, by day 6, we observed obvious differences in the pattern of biofilm formation in the ⌬PA1553, ⌬PA4101, ⌬PA4208, and ⌬PA0180 mutant strains relative to the wildtype strains P. aeruginosa MPAO1 and PAO1, respectively ( Fig. 3C and D) . The gene PA1553 encodes a probable cytochrome c oxidase which is part of a cbb3-type heme-copper oxidase complex; PA4101 encodes a probable two-component response regulator; PA4208 encodes the probable resistancenodulation-cell division efflux membrane fusion protein precursor MexH, which is part of the mexGHI-OpmD operon; and PA0180 encodes a probable chemotaxis transducer protein (www.pseudomonas.com) ( Table 2) .
After 6 days of growth under flowing conditions, the mutant biofilms appeared to have failed in the progression of biofilm development to reach maturation-2 stage, lacking large, distinct microcolonies and pronounced water channels (Fig. 3C) . As shown in Fig. 3B and D, biofilms formed by the mutant ⌬PA1553 after 6 days of growth consisted of small clusters that were only several cells thick and approximately 10 m in width and height, while the wild type had formed biofilms with pronounced three-dimensional architecture (Fig. 3C) . Biofilms formed by the mutants ⌬PA4101, ⌬PA4208, and ⌬PA0180 appeared similar to the biofilms formed by the mutant ⌬PA1553 under the same growth conditions (not shown). The architecture observed in the mutants appeared similar to the maturation-1 stage recently described for the P. aeruginosa wild type to occur after 3 days of growth under flowing conditions under the same conditions (52) . Interestingly, mutations affecting proteins belonging to pattern H (probable type II secretion protein PA2677 and a conserved hypothetical protein PA2627), pattern B (probable chemotaxis transducer PA4844), pattern D (heat shock protein PA1596), and the alternate pattern (probable helix-destabilizing protein of bacteriophage Pf1 PA0720) had no apparent defect in biofilm formation (not shown). Overall, disruption mutations in genes encoding proteins belonging to the abundance patterns B, D, and H (and alternate patterns) affected neither initial attachment nor biofilm formation. In contrast, mutants defective in proteins belonging to abundance pattern E (Fig. 1E) showed no defect in initial attachment and early biofilm developmental stages but were affected in the progression of biofilm development into pronounced three-dimensional architecture (Fig. 3) . Overall, the mutant biofilms appeared to be unable to establish the typical architecture of a mature biofilm (Fig. 3C ) and only formed a thin layer of cells at the surface with dispersed small cell clusters (Fig. 3D) . Taken together, the visual observations suggested that biofilms formed by the mutants failed in the progression of biofilm development, appearing arrested between the stages of maturation-1 and maturation-2. These results support the observation that P. aeruginosa displays multiple phenotypes during biofilm development and that knowledge of biofilm-specific protein production and stage-specific physiology may be important in detecting and controlling biofilm growth.
Quantitative analysis of the mutant biofilm structure. Visual inspection of the biofilm formed by the ⌬PA0180, ⌬PA1553, ⌬PA4101, and ⌬PA4208 mutants relative to that formed by the P. aeruginosa wild type indicated that the mutants are defective in developing mature biofilm architecture. To confirm these observations, we utilized the COMSTAT image analysis program to perform a quantitative analysis of biofilm architecture at the 6-day time point (26) . As shown in Table 3 , four variables were used to evaluate biofilm architecture. The mutant strains differed from the P. aeruginosa wildtype strains with respect to mean and maximum thicknesses, as well as total biomass. The decreased total biomass in the biofilms formed by the mutant strains was consistent with the appearance of small clusters and a sparsely covered substratum (Fig. 3D) . The lack of mature biofilm architecture in the mutant biofilms was consistent with the appearance of the biofilms in the flow cells (Fig. 3C and D) and the decrease in biofilm thickness (Table 3) . Taken together, these quantitative analyses support our visual observations that the mutants were unable to establish the typical architecture of a mature biofilm.
Confirmation of biofilm-specific gene expression. RT-PCR was used to examine the relative steady-state levels of the ccoO, PA4101, and PA4208 transcripts, using primer pairs specific for each transcript. ccoO encodes a probable cytochrome c oxidase, PA4208 encodes the efflux protein MexH, and PA4101 encodes a probable two-component response regulator. Overall, we found differential expression for the ccoO, PA4101, and PA4208 transcripts in biofilm cells, compared to planktonic cells (Fig. 4) . The ccoO transcript was expressed as early as 4 days of biofilm growth (transition between maturation-1 and -2 stages) while the PA4101 and PA4208 transcripts were detectable after 6 days of biofilm growth (maturation-2 stage) (Fig. 4) . The PA4101 and PA4208 transcripts were not detectable in 4-day-old biofilms (not shown). No transcripts were detectable under planktonic growth conditions (Fig. 4) . Parallel experiments were performed using crc as a positive control. crc has been shown in P. putida to be produced relatively equally under planktonic growth conditions in minimal medium (51) and to be equally expressed in P. aeruginosa under mature biofilm and dispersing conditions (54) . As shown in Fig. 4 , the crc transcript was detectable in both planktonic and biofilm bacteria. Overall, these findings indicate a correlation of protein production and gene expression for these genes over the course of biofilm formation ( Fig. 1 and 4 ; Table 2 ).
DISCUSSION
In this study, we identified the onset of protein production and the protein abundance patterns of biofilm-specific proteins. Based on the onset of protein production, three different trends in protein abundance were observed, indicating that the transition between biofilm developmental stages was associ- FIG. 4 . RT-PCR analysis of abundance of transcripts in P. aeruginosa PAO1 grown planktonically and as a biofilm. RT-PCR analysis of ccoO (PA1553), PA4101, mexH (PA4206), and crc expression in P. aeruginosa PAO1 grown planktonically (P) and as a biofilm (B). Amplification of the ccoO transcript resulted in a 270-bp PCR product and amplification of the PA4101 and PA4208 transcripts in 320-and 280-bp PCR products, respectively. The PCR product for the crc transcript was 330 bp. For the determination of ccoO transcript abundance in biofilms, cDNA from 4-day-old biofilms was used; for PA4101 and PA4208 transcript abundance in biofilms, cDNA obtained from 6-dayold biofilms (maturation-2 stage) was used. The oligonucleotide pairs used for the RT-PCR analysis are listed in Material and Methods. M, DNA marker. ated with the synthesis of unique sets of proteins. The transition from the planktonic mode of growth to the maturation-1 stage of biofilm formation was associated with the abundance of proteins belonging to the patterns A through D ( Fig. 1 ; Table 2 ). Transition to maturation-2 stage correlated with the abundance of proteins belonging to the patterns E and F, while the transition to the dispersion stage required proteins belonging to pattern D ( Fig. 1; Table 2 ). In contrast, proteins in pattern H (trend IV) were more abundant at mature biofilm stages but were detectable at all four biofilm developmental stages; their temporal production or abundance did not coincide with transitional episodes of biofilm development (Fig. 1) .
Protein identification revealed that proteins with similar function showed similar abundance patterns. Metabolic or housekeeping proteins were found to cluster within protein production pattern H ( Fig. 1C ; Table 2 ). Within this group were proteins involved in cofactor biosynthesis, such as biotin carboxylase, and enzymes involved in the tricarboxylic acid and citrullin cycles and other biosynthetic pathways (glyceraldehyde-3-phosphate dehydrogenase, succinate semialdehyde dehydrogenase, aconitate hydratase 2, the arginine deiminase system [ArcABC], ␤-hydroxydecanoyl-acyl carrier protein dehydrase, and dihydrolipoamide dehydrogenase 3), energy generation (NADH dehydrogenase I chain B and probable electron transfer flavoprotein alpha subunit), and proteins involved in nucleotide synthesis (DNA polymerase alpha chain and DNA polymerase II) ( Table 2 ). The differences in protein abundance of this group of proteins may indicate that biofilms exhibit different rates of growth over the course of biofilm development (63) (64) 70) . The finding of increased production of the arginine deiminase system ArcABC may indicate not only changes in the growth or metabolic rate but also a response to changes in the pH of the environment. The enzyme system catalyzes the conversion of arginine to ornithine, ammonia, and CO 2 (13) and thus protects biofilms from lethal acidification through the production of ammonia and subsequent increases in local pH (38) . The arginine deiminase system has been shown to be one of two major ammonia-generating pathways in the oral cavity (20) .
Interestingly, our findings showed that metabolic and housekeeping proteins grouped within a pattern separate from virulence, antibiotic resistance, and quorum-sensing-related proteins. Virulence factors were first detected at the maturation-1 stage of biofilm development. These include proteins involved in pyoverdine synthesis (PvdA, PvdQ, and the sigma factor PvdS), as well as the secreted hemolysin-coregulated protein Hcp, superoxide dismutase, and glutathione peroxidase. At the maturation-2 stage, additional proteins involved in pyoverdine synthesis (PvdDJ and PvdL) were detected. The finding that the number of virulence proteins, including those involved in pyoverdine synthesis, appears to increase over the course of biofilm formation may indicate that virulence factors are produced in a progressive manner and thus that pathogenesis develops as biofilm development takes place. Furthermore, the findings may indicate that protein production within the biofilm is influenced by environmental factors such as the availability of iron and oxygen (as indicative by the finding of c-type cytochrome NirN being produced at the onset of the maturation-1 stage; nirN is part of the nirSMCFDLGHJEN gene cluster involved in denitrification). The availability of both iron and oxygen has been shown to profoundly impact biofilm formation by P. aeruginosa and other biofilm-forming bacteria (5, 8, 59, 62, 74) . Furthermore, protein production in response to external conditions was apparent by the number of detected two-component response regulators and chemotaxis transducer proteins that were produced in a biofilm-specific manner. The proteins clustered in patterns B, D, and E and were maximally abundant during the later stages of biofilm development ( Fig. 1; Table 2 ).
Proteins involved in antibiotic resistance were found to have a similar abundance pattern to proteins involved in pyoverdine synthesis and were maximally abundant during the maturation-2 or dispersion stage of biofilm development (Fig. 1B and  E) . Several components of resistance-nodulation-cell division multidrug efflux pumps, as well as the probable transcriptional regulator PA4878, were identified. The probable transcriptional regulator PA4878 belongs to the MerR family of helixturn-helix transcriptional activators (www.pseudomonas.com). Interestingly, the N-terminal helix-turn-helix DNA binding motif of is 47% similar to a region of multidrug efflux transporter regulator TipA of Streptomyces lividans (www .pseudomonas.com). The MexGHI-OpmD pump has recently been described by Aendekerk et al. to facilitate cell-to-cell communication and to promote virulence, and growth in P. aeruginosa via 4-quinolone-dependent cell-to-cell communication (2) . Furthermore, the MexGHI-OpmD system has been shown to confer resistance to vanadium (1) . Taken together, the progressive production of proteins related to antibiotic resistance and virulence, attendant features that are characteristic of biofilms, may indicate that biofilms become more resistant and virulent in a progressive manner as part of the developmental process of biofilm formation. This is supported by the findings that the vast majority of these proteins were not detectable under planktonic growth conditions ( Fig. 1; Table 2 ).
In this study, we describe the identification and initial characterization of four proteins, cytochrome c oxidase, two-component response regulator PA4101, a chemotaxis transducer protein PA0180, and MexH, required for biofilm formation. The proteins were initially selected to determine whether the onset of protein production at distinct biofilm developmental stages may be used to arrest biofilm development. The four particular proteins belonging to pattern E (Fig. 1E) were first detected during the maturation-2 stage. All four proteins appeared to play a critical role in biofilm maturation (Fig. 3) , in particular, in the transition from the stage of cluster formation to biofilm maturation, which is usually indicated by the formation of large microcolonies and fluid-filled channels observed with some mature P. aeruginosa biofilms (34) (35) 52) . Since the proper production of these proteins was shown to be critical for normal biofilm development in P. aeruginosa, they can be considered to be true biofilm-specific proteins.
The mechanisms by which these four proteins affect biofilm maturation may be as diverse as the proteins themselves. For instance, the effect of MexH on biofilm formation observed in our study may be considered an indirect effect via the N-acyl homoserine lactone 3-oxo-C12-HSL. Recent findings indicate that the MexGHI-OpmD (www.pseudomonas.com) (1) and potentially the MexAB-OprM (46) efflux pumps are involved in acyl-homoserine lactone homeostasis by actively exporting 3-oxo-C12-HSL. In P. aeruginosa, N-acyl homoserine lactone 3 oxidases are found almost exclusively in Proteobacteria and represent a distinctive class of proton-pumping respiratory heme-copper oxidases; genes encoding a cytochrome cbb 3 oxidase were initially identified in Bradyrhizobium japonicum and designated fixNOQP (ccoNOQP) (49) . Recently, homologues have been identified in other Proteobacteria, including three human pathogens (Campylobacter jejuni, Helicobacter pylori, and Neisseria meningitidis), in which cytochrome cbb 3 is the only respiratory oxidase encoded by the genome (44, 48, 65) . According to sequence analyses (www.pseudomonas.com), P. aeruginosa contains two operons (PA1557-PA1555 and PA1554-PA1552) with homology to fixNOP and with both of the P. aeruginosa operons missing fixQ. Recently, it has been suggested that the expression of cytochrome oxidases is required for the successful colonization of anoxic tissues and may be an important determinant of pathogenicity (48) . We observed that the cytochrome c oxidase CcoO mutant was unable to form mature biofilms containing microcolonies. Microcolonies are typically characterized by gradients in the concentration of oxygen. This observation, therefore, supports the link between colonization, energy generation under anoxic conditions, and the action of cytochrome c oxidases.
The two-component response regulator PA4101 can be added to a growing list of regulatory factors that have been shown to be involved in the regulation of biofilm formation (10, 17, 36, 45) . For example, the three-component system SadARS has been observed to play a role in P. aeruginosa biofilm maturation, in particular, the formation of large microcolonies and fluid-filled channels (36) . The biofilm phenotype observed under flowing conditions in a flow cell was distinct from those previously described, suggesting that the sadARS system affected a step in biofilm maturation distinct from that affected by other regulatory loci (36) . A comparison of gene expression between the wild type and the sadARS mutant biofilms showed ϳ200 genes to be differentially expressed. Interestingly, mutations within the two-component response regulator PA4101 described here affected biofilm formation in a manner similar to that described for SadARS, with initial attachment, early biofilm formation, and twitching motility being unaffected while biofilm maturation was impaired. PA4101 mutant biofilms failed in the progression of development past the stage of maturation-1 and maturation-2 as indicated by visual observations (Fig. 3 ) and COMSTAT analysis (Table 3) . Maturation-1 is considered the third stage over the course of biofilm development and refers to the point in time where cell clusters become progressively layered, exceeding 10 m in width and height, while maturation-2 refers to the biofilm developmental stage at which cell clusters attain their maximum average thickness of ϳ100 m (52). However, while the sadARS system was constitutively expressed at low levels in the P. aeruginosa wild type at both planktonic and biofilm modes of growth (36), the two-component response regulator PA4101 identified in this study was produced in a biofilm stage-specific manner during the maturation-2 stage (Fig. 1E) . Maturation-2 stage-specific expression of the PA4101 transcript was confirmed by RT-PCR (Fig. 4) . The inhibition of progression of biofilm development at the transition from maturation-1 to maturation-2 in the PA4101 mutant strain was, therefore, consistent with the expression of this protein during the maturation-2 stage. The same was true for the PA0180 mutant biofilm. The probable chemotaxis transducer protein PA0180 contains a methyl-accepting chemotaxis protein domain; proteins belonging to this family are known to be involved in cell motility, secretion, and signal transduction mechanisms and are believed to be involved in reversible methylation in response to attractants or repellants during bacterial chemotaxis (www .pseudomonas.com). The mechanism by which this protein impairs biofilm maturation is unclear.
Together, our findings indicate that biofilm formation by P. aeruginosa is a progressive developmental process characterized by distinct phenotypic stages identifiable by unique cellular protein patterns. The biofilm developmental process was found to be accompanied by a progressive increase in the production of proteins related to antibiotic resistance and virulence, indicating that biofilm characteristics may develop over the course of biofilm development. We have identified a number of key biofilm-specific proteins which control the transition to late stage biofilm development. Knowledge of the temporal production of biofilm-specific proteins may be used in the future to arrest biofilm formation during early biofilm developmental stages and to reduce biofilm-associated damage. Furthermore, knowledge of stage-specific physiology may be important in detecting the degree of development of a biofilm and in leading to targeted antibacterial treatments.
